We investigated pulsed and DC I−V characteristics of a variety of resistive oxides. Examples of pulsed, compared with DC characteristics, are shown for samples of La 1.2 Sr 1.8 Mn 2 O 7 (a double layer manganite), Pr 2/3 Ca 1/3 MnO3 and Bi 1/2 Sr 1/2 MnO3 (charge-ordered manganites), Sr 2 FeMoO 6 , Sr 2 CrWO 6 and Ba 2 MnReO 6 (double perovskites). For pulsed measurements, single pulses in the ms range were applied. For short-rise--time square pulses, the Joule heating is negligible, as long as the response remains independent of time. The DC I−V characteristics were measured up to current runaway in the negative resistance regime; ∆T never exceeded a fraction of a degree. In most cases the DC characteristics mask a perfectly ohmic or moderately non-ohmic conductivity obtained by pulsed measurements. This demonstrates that the widely used DC I−V measurements in the high current regime are frequently misleading.
Introduction
Electronic effects giving rise to non-ohmic conductivity under high electric fields have been popular topics of investigations over many years. Field-enhanced tunneling or hopping and many other bulk or interface effects frequently compete with thermal or electro-thermal effects when investigated using direct current (DC).
The thermal theory of non-ohmic conductivity, negative differential resistance and breakdown is very old, with a rich literature going back over a century [1] . Nevertheless, many published I−V characteristics and in particular the most recent ones, aimed at the investigation of electronic effects, were obtained using DC. Many reports on phenomena observed under high DC currents have been published in important journals and some dramatic results became quite famous. An early case is the report on reversible electrical switching phenomena in disordered structures [2] which gave rise to a number of controversial interpretations, put forward by some of the prominent solid state physicists at the time [3] . Even-tually the role of the Joule heating in the switching process was demonstrated when thermal filaments were visually observed [4] . Charge ordering (CO), often associated with spin (antiferromagnetic (AF)) ordering [5] and its collapse in manganite perovskites [6] , have been the subject of intense investigations over the past decade. An important role in these investigations was played by the study of nonlinear I−V characteristics of various charge-ordered manganites. The first such observation was the dramatic decrease in the resistance of a single crystal of Pr 0.7 Ca 0.3 MnO 3 , at temperatures below the CO transition temperature (T CO ) [7] , induced by electric fields of the order of 10 3 V/cm; it was proposed that the current switching may involve dielectric breakdown. This initial experiment was followed by extensive studies of nonlinear conductivity of single crystals, films and polycrystalline samples of different CO manganite compounds, carried out in many labs. Various interpretations were proposed including (partial) melting of the CO, or depinning of charge density waves related to CO. (For a short review see Ref. [8] .) The I−V characteristics were obtained using DC currents; the Joule heating was usually ruled out by calculating the expected temperature increment ∆T and/or by monitoring it close to the samples' surface. However, both the calculations and the measurements showing ∆T to be negligible were misleading, being based on the assumption that the current flow throughout the cross-section of the sample, and thus its temperature, are homogeneous. A recent elaborate investigation of polycrystalline samples of Pr 0.8 Ca 0.2 MnO 3 (with no CO but exhibiting nonlinear conductivity) has shown that the internal thermal gradient caused by the Joule heating was at the origin of the I(V ) nonlinearity [8] . In this experiment the crystal unit cell was used as an internal thermometer employing X-ray and neutron diffractions. The role of the Joule heating in electronic transport measurements of manganites is gradually percolating into this field as a possible interpretation of some of the experimental results [9] . An old technique for preventing Joule heating errors in high electric field measurements and confirming its absence, consists of applying pulsed currents and following the time dependence of the response on an oscilloscope. For short-rise-time square pulses, the Joule heating is negligible, as long as the response remains independent of time.
In the course of our studies of various transition metal oxides, manganites without [10] and with [11] CO and double perovskites [11, 12] , we have routinely measured both pulsed and DC I−V characteristics of various samples at different temperatures. The motivation for the study of nonlinear conductivity of those systems was the need to understand the mechanisms of transport across grain boundaries or other weak links. In this report we emphasize the importance of employing pulsed currents in all nonlinear conductivity measurements. The experimental methods are summarized in Sect. 2. Pulsed characteristics compared with DC I−V characteristics are shown in Sect. 3. The comparison shows that DC characteristics mask a perfectly ohmic or moderately non-ohmic conductivity obtained by pulsed measurements.
Experimental
The ohmic resistivities (ρ) of the investigated samples had negative temperature coefficients; for fixed temperatures, ρ of different samples ranged over many orders of magnitude (up to ≈ 10
6 Ω cm). All our samples were bars of rectangular cross-section. The quality of the current contacts and of the voltage probes and the small size of the latter are of crucial importance and were given special care. The experimental setup for the four-probe, pulsed and DC I−V measurements is described in Ref. [11] . For the pulsed measurements, single pulses in the millisecond range were applied from a Keithley 237 high voltage source. The maximal voltage was 150 V for currents up to 10 mA. Pairs of voltage drops were recorded simultaneously using two channels of a Tektronix 2221A digital storage oscilloscope. Beyond the finite rise time of the pulses, which depends on the sample resistance, the voltage drops, as a function of time, were constant. The effect of heating could be observed for long pulses. In only a few cases the measurements had to be interrupted when the pulse rise time and the heating overlapped.
DC I−V characteristics were measured over several orders of magnitude. Below current runaway, in the negative resistance range, the measured surface ∆T never exceeded a fraction of a degree. and Sr 2 CrWO 6 below their respective T C . Finally, Fig. 4 shows the J−E characteristics of a sample of Ba 2 MnReO 6 , an insulating double perovskite, above its T C . The most remarkable result is shown in Fig. 2 , for the well-known CO manganites. The pulsed J(E) plots are linear up to very high electric fields. It should be recalled that it was the report on the dramatic behavior of a Pr 2/3 Ca 1/3 MnO 3 sample under a high electric field that triggered the intense activity in the nonlinear conductivity of CO manganites [7] .
Experimental results and discussion
The nonlinearity of the J(E) plots in Figs. 1 and 3 , which is consistent also with the temperature dependence of their ohmic conductivity, is associated with inter-grain tunneling [10, 12] . The nonlinearity of the pulsed J(E) of Ba 2 MnReO 6 and of other materials from this family is now under investigation in our group. All DC J(E) characteristics shown here are strongly nonlinear; the more extended plots (in Figs. 2 and 4) show ranges of negative resistance and hysteresis. None provide useful information about interesting electronic processes. Nevertheless, reports on similar DC I−V characteristics and related phenomena have filled many pages of important scientific journals.
In conclusion, the DC measurement in the nonlinear regime may hide unsuspected traps; it is about time for the I−V characteristics to be measured more carefully, applying the knowledge accumulated over a century.
